and Friedrich G. Barth (University of Vienna) for 20 helpful discussions. We are grateful to Kerstin Stejskal and Thomas Hummel (Department of 21 Neurobiology, University of Vienna) for providing Cupiennius salei and Elvira Lutjanov, Christian 22 Müller, Sabine Ziesemer and Jan-Peter Hildebrandt (all University of Greifswald) for help with western 23 blot analysis. Tim M. Dederichs and Peter Michalik (both University of Greifswald) helped to obtain 24 pictures with the Visionary Digital camera system. Monica M. Sheffer provided helpful linguistic 25 comments that improved the manuscript. This study was financially supported by the German 26 Research Foundation DFG UH 87/11-1 and DFG INST 292/119-1 FUGG, DFG INST 292/120-1 FUGG. Abstract 35 Some animals have evolved task differentiation among their eyes. A particular example is 36 spiders, where most species have eight eyes, of which two (the principal eyes) are used for 37 object discrimination, whereas the other three pairs (secondary eyes) detect movement. In 38 the spider species Cupiennius salei these two eye types correspond to two visual pathways in 39 the brain. Each eye is associated with its own first and second order visual neuropil. The 40 second order neuropils of the principal eyes are connected to the arcuate body, whereas the 41 second order neuropils of the secondary eyes are linked to the mushroom body. However, 42 eye size and visual fields are considerably different in jumping spiders. We explored the 43 principal-and secondary eye visual pathways of the jumping spider Marpissa muscosa. We 44 found that the connectivity of the principal eye pathway is the same as in C. salei, while there 45 are differences in the secondary eye pathways. In M. muscosa, all secondary eyes are 46 connected to their own first order visual neuropils. The first order visual neuropils of the 47 anterior lateral and posterior lateral eyes are further connected with two second order visual 48 neuropils, whereas the posterior median eyes lack second order visual neuropils and their 49 axons project only to the arcuate body. This suggests that the posterior median eyes probably 50 do not serve movement detection in M. muscosa. Furthermore, the second order visual 51 neuropil (L2) in Marpissa muscosa potentially integrates information from the secondary eyes 52 and might thus enable faster movement decisions. 53 54
Introduction

60
In some animal species with multiple eyes, different eyes serve different specific tasks, such 61 as compound eyes and ocelli in insects or the rhopalia in box jellyfishes (Garm et al., 2007; 62 O 'Connor et al., 2009; Paulus, 1979) . Spiders vary strongly in their visual abilities, as well as in 63 number, arrangement and size of their eyes (reviewed in Morehouse et al. 2017 ). Most 64 species possess four pairs of eyes, of which one pair differs from the three other pairs in its Prosomata of two individuals of M. muscosa and one individual of C. salei were fixed in 140 Dubosq-Brazil solution (1 g saturated alcoholic picric acid, 150 ml 80% ethanol, 15 ml pure 141 acetic acid, and 60 ml 37% formaldehyde). Prior to fixation, legs and opisthosomata were cut 142 off and cuticle and musculature were removed from the dorsocaudal part of the prosomata 143 to allow faster penetration of the fixative. After four days in fixative, samples were washed 144 six times for 20 minutes in 0.1 M phosphate buffered saline (PBS, pH 7.4) followed by 145 dehydration in a graded ethanol series (80%, 90%, 96% and 3x 99,8% ethanol for 20 minutes 146 each). Samples were then transferred to an 1% iodine solution (iodine, resublimated [Carl 147 Roth, X864.1] in 99.8% ethanol) over 48 h to enhance tissue contrast (Sombke et al., 2015) 148 and subsequently critical point dried with an automated dryer (Leica EM CPD300). The 149 protocol applied was: slow CO2 admittance with a delay of 120 seconds, 30 exchange cycles, 150 followed by a slow heating process and slow gas discharge. Dried prosomata were mounted 151 using a conventional glue gun onto aluminum rods, so that the anterior median eyes were 152 oriented upwards. 153 MicroCT scans were performed using a Zeiss XradiaXCT-200 (Sombke et al., 2015) . Scans were 154 performed with a macro-, a 4x-and a 20x objective lens unit and the following settings: 40 kV 155 and 8 W or 30 kV and 6 W, 200 µA, exposure times between 2 and 4 s. Tomographic 156 projections were reconstructed with the XMReconstructor software (Zeiss), resulting in image 157 stacks (TIFF format). Scans were performed using Binning 2 for noise reduction and were 158 reconstructed with full resolution (using Binning 1). 159 160 2.4 Immunohistochemistry 161 Four different combinations of markers were used to visualize neuropils and connecting 162 neurites in the visual system (see Table 1 for a list of marker combinations used, and Table 2   163 for specifications of labeling reagents). 164 After anaesthetization with CO2, brains of 31 females of M. muscosa (details Tab. 2) and four 165 females of C. salei were dissected in PBS and fixed in 4% paraformaldehyde over night at room 166 temperature. Specimens for histamine immunohistochemistry were prefixed overnight at 4°C 167 in 4% N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDAC, Sigma-Aldrich 168 E6383). Brains were washed six times for 15 minutes each in PBS and subsequently immersed 169 in Poly-L-Lysin (Sigma-Aldrich, P4707) for one minute. Samples were then embedded in 4% 170 agarose (Sigma-Aldrich, A9414) and sectioned (50 or 80 µm) with a Microm HM 650 V 171 vibratome. After permeabilization in PBS-TX (PBS, 0.3% Triton X-100 [Sigma-Aldrich, X100], 1 % bovine serum albumin [Sigma-Aldrich, A2153], 0.05% Na-acide; or alternatively PBS, 0.5% Triton, 1.5% DMSO) for 1 h at room temperature, incubation in primary antibodies took place 174 over night at 4°C or room temperature. Sections were washed in several changes of PBS-TX 175 after the incubation. Incubation in secondary antibodies or counterstains took place 176 overnight at 4°C or room temperature. After washing in several changes of PBS, sections were 177 mounted in Mowiol (Merck 475904) . 178 179 The brains of five additional females of M. muscosa were processed as whole-mounts, using 180 an adjusted protocol after Ott (2008) (see also Steinhoff et al., 2017) brains were rehydrated in a graded series of methanol (90%, 70%, 50%, 30%) for 10 minutes 186 each and washed in TRIS buffer. This was followed by permeabilization in PBS-DMSO (PBS, 5% 187 bovine serum albumin, 1% DMSO, 0.05% Na-acide) for 2 h at room temperature and 188 incubation in primary antibody for 4 days at 4°C. Brains were then washed several times for 189 2 h in PBS-DMSO and incubated in secondary antibody for 4 days at 4°C, and transferred to a 190 graded series of glycerol, with 1%, 2%, 4% (for two hours each) and 8%, 15%, 30%, 50%, 60%, 191 70%, 80% (for one hour each) glycerol in TRIS buffer and 1% DMSO. After five changes in pure 192 ethanol for 30 minutes each, brains were mounted in fresh methyl salicylate (Sigma, 76631). 193 In control experiments, in which we replaced the primary antibodies with PBS-TX, no neuronal 194 labeling was detected. 195 196 197 In western blots of Drosophila melanogaster Meigen, 1830 head homogenates (Klagges et al., 198 1996) , the monoclonal antibody mouse anti-Drosophila synapsin ''Synorf 1' ' (provided by E. 199 Buchner, Universität Würzburg, Germany; raised against a Drosophila Glutathione S-200 Transferase(GST)-synapsin fusion protein) recognizes at least 4 synapsin isoforms (ca. 70, 74, 201 80, and 143 kDa). In western blot analyses in Crustacea (Harzsch and Hansson, 2008; Sullivan 202 et al., 2007) and Chilopoda (Sombke et al., 2011) , isoforms in the same range (75-90 kDA) 203 were recognized. Furthermore, the Synorf 1 antibody labels synaptic neuropil in taxa as 204 diverse as Araneae (Fabian-Fine et al., 1999; Nagata et al., 2019; Steinhoff et al., 2017; Widmer et al., 2005) , Chaetognatha (Harzsch and Müller, 2007) and Plathelminthes (Cebrià, 206 2008), suggesting that the epitope that this antiserum recognizes is highly conserved. To test 207 this, we conducted a western blot analysis as well, in which we compared brain tissue of D. 208 melanogaster and M. muscosa. The antibody provided similar results for both species, 209 staining one strong band around 70 kDa, and in M. muscosa another weak band around 60 210 kDa. This result suggests that the epitope that Synorf 1 recognizes is conserved between D. used for brain structures follows Richter et al. (2010) . For structures specific to spiders, we 226 use terms according to Lehmann et al. (2016 ), Strausfeld et al. (1993 ). Furthermore, the optic nerves (between retinae and first order visual neuropils) and the 265 corresponding first order visual neuropils display histamine-immunoreactivity ( Fig. 8) , 266 which is known to consistently label retinula cell axons and their terminals in the visual 267 systems of arthropods (Battelle et al., 1991; Harzsch et al., 2006; Harzsch, Wildt, Battelle, & 268 Waloszek , 2005; Nässel, 1999; Schmid & Duncker, 1993; Sombke & Harzsch, 2015) . A soma 269 cortex including three discernable protocerebral clusters surrounds most of the central The retina of the anterior median eyes (AME) is connected to its first order visual neuropil 277 (AM1), which consists of at least two, but most likely four tightly adjoining subunits ( Fig.   278 1a,e,f). The AM1 is situated close to the second order visual neuropil of the AME (AM2) and 279 connected to it via parallel neurites ( Fig. 1e,f) . The AM2 is large, oval shaped and its posterior 280 margin within the protocerebral neuropil is not clearly recognizable in anti-synapsin labeling 281 ( Fig. 1 ). Anti-tubulin labeling reveals a tract of neurites that connects the AM2 with the lateral flanges of the AB, as well as some neurites with unclear termination that penetrate the 283 protocerebral neuropil ( Fig. 1c-e ). The posterior median eyes (PME) are much smaller than all three other pairs of secondary 304 eyes, and so is their retina (Fig. 4c, e ). Because of the small retina, only a thin but long nerve, 305 which enters the protocerebrum between the AL1 and PL1, connects the PME to its first order These synaptic complexes can be visualized by anti-synapsin labeling and phalloidin-labeling 316 ( Fig. 9d, e ). Co-localization of synapsin and phalloidin is almost absent ( Fig. 9 ). Individual 317 glomeruli are innervated by neurites originating in the AL1 and PL1 (Figs. 5c; 6a, b, d; 7d) . 318 Anti-tubulin labeling reveals that neurites interweave the array of glomeruli mostly in parallel 319 from proximal to distal ( Fig. 5c; 6a ). Within the core-region of the AL2/PL2, tubulin-320 immunoreactive neurites are more abundant (Fig. 6a ,c. Two neurite bundles (MBn) connect 321 the AL2/PL2 and the mushroom body pedunculus (MBp) and form a distinct chiasm close to 322 the AL2/PL2 (Figs. 7a, c, d; 9a) . Neurites from the medial SC2 contribute to these bundles by 323 projecting into the AL2/PL2 and into the MBp (Figs. 2; 6a-c; 7a, d). Other neurites from SC2 324 pass between AL2/PL2 and MBp towards the L2 (Fig. 6b, d 333 The dorsalmost neuropils in the protocerebrum of C. salei are the AM1 and AM2, which are 334 connected by numerous intertwining neurites (Fig. 10a ). The AM2 is connected to the AB via 335 a thin tract ( Fig. 10a ). Located ventrally and somewhat anterior to the AM1 is the PM1, which 336 is large and spans over one hemisphere of the protocerebrum at its broadest part ( Fig.   337 10a,b,e). Its shape is cup-like, but somewhat irregular (Fig. 10e ). The PL1 is situated 338 anterioventral of the PM1, is similar in size, but horseshoe shaped ( Fig. 10b ). Both the PM1 339 and the PL1 are subdivided into an upper, strongly synapsin-immunoreactive part where the 340 retinula cell axons terminate and a lower part where the synapsin-immunoreactivity is more 341 patchily distributed (PM1x and PL1x; Fig. 10b,e ). Tubulin-immunoreactivity is strongest in the 342 lower part, where the neurites that connect the PM1 and PM2 with their respective second 343 order neuropils bundle together. The AL1 is the smallest first-order neuropil and located close 344 to the midline, between PM1 and PL1 ( Fig. 10b ). Each first order visual neuropil is connected 345 to its second order visual neuropil. These are of glomerular organization and situated close to 346 each other (Fig. 10b,c) . While the AL2 is horseshoe shaped, the PL2 and PM2 are more 347 elongate in shape and also larger ( Fig. 10b,c) .
Western Blot
Visual neuropils and the mushroom body in Cupiennius salei
The mushroom body is characterized by strong synapsin-immunoreactivity and consists of a 349 pedunculus (MBp), a shaft (MBs) and a haft (MBh) (Fig. 10b) general architecture is similar, we have shown here that the connectivity of neuropils in the 361 secondary eye pathways differ between these two species, which suggests differences in 362 information processing and function of secondary eye visual neuropils. 363 The relative size and position of the secondary eyes differs between M. muscosa and C. salei. 364 While in M. muscosa the PME is very small and oriented sideways, it is the largest eye in C. is further connected to the AM2, which is the same as described for C. salei (Strausfeld et al., 376 1993 ). In C. salei, two types of neurons have been identified whose axons connect the AM2 377 with the flanges and the inner part of the AB (Strausfeld et al., 1993) . In M. muscosa this 378 pattern is likely the same, although we were only able to unambiguously detect neurites that 379 connect the AM2 with the flanges of the AB. There are, however, neurites that project from the AM2 into the protocerebral neuropil and some of those may well proceed towards the 381 inner part of the AB. In M. muscosa, all retinula cell axons from ALE, PLE and PME seem to terminate in their 385 associated first order visual neuropils (Fig. 8) . This is in accordance to what has been found in 386 other Araneae (Becherer and Schmid, 1999; Duelli, 1980; Schmid and Duncker, 1993; 387 Strausfeld et al., 1993; Strausfeld and Barth, 1993 In our histological sections, it appears as if some neurites that contribute to the tract between 401 AL1, PL1 and the AB, arise in AL1x and PL1x respectively (Fig. 3b, c ; 5a-b). Hill (1975) Fig. 11a and b ) (Strausfeld and Barth, 1993) . Each of these second order 437 visual neuropils (AL2, PL2, PM2) is composed of small neuropilar glomeruli (compare Fig. 11 ). 438 An unstructured second order visual neuropil (without glomeruli), such as the L2, is absent in 439 C. salei (Strausfeld and Barth, 1993 
First order visual neuropils of the posterior median eyes
The PM1 is by far the smallest first order visual neuropil of all secondary eyes in M. muscosa.
447
This correlates with the much smaller overall size of the PME (compared to ALE and PLE). The 448 PME have previously been considered vestigial (Land, 1985a (Land, , 1972 , but since there is an optic 449 nerve and a corresponding first order visual neuropil, we conclude that these eyes are 450 functional. Previously, Steinhoff et al. (2017) considered the PM1 to be a second order visual 451 neuropil ("PM2"), based on its close spatial relationship with the AL1x. However, we now 452 demonstrate that the PM1 is innervated only by retinula cell axons originating in the PME, 453 and connections between PM1 and AL1x seem to be absent. This coincides with Hill's (1975) 454 description for Phidippus spp., although he described additional neurites connecting PL1 and 455 PM1. It is likely that these neurites contribute to the tract that connects the first order visual 456 neuropils with the AB (compare Fig. 11a ), instead of actually forming synapses in the PM1. 457 The PM1 differs from all other eyes by being connected to the AB only. Consequently, the 458 pathway of the PME lacks a second order visual neuropil. Information from this eye is not 459 processed within the mushroom bodies, but exclusively in the arcuate body. (Groh and Rössler, 2011) . To investigate the AL2/PL2 of M. muscosa, we have employed the same double-labeling approach (Fig. 9d-e ), but the anti-synapsin and phalloidin labeled areas in each synaptic complex were not clearly differentiated, as is the 481 case in social hymenopterans (Groh and Rössler, 2011) , despite co-localization being minimal. 482 This might indicate that phalloidin does not consistently label postsynaptic sites in M. 483 muscosa, or that the organization of the pre-and postsynaptic sites within the AL2/PL2 of M. The somata within SC2 of the neurons that connect the second order visual neuropils to the 490 MBp have been referred to as "globuli cells" (Hanström, 1921; Steinhoff et al., 2017) and the 491 neurons including these somata as "T-cells" (Strausfeld and Barth, 1993 
Functional considerations 510
The jumping spider Marpissa muscosa and the wandering spider Cupiennius salei differ 511 strongly in their lifestyle. While M. muscosa is a diurnal hunter that actively pursues its prey and relies on vision for prey capture, C. salei is an exclusively nocturnal sit-and-wait predator, Strausfeld, N.J., Weltzien, P., Barth, F.G., 1993. 
